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Abstract
Temperature, food resources, and water availability, among other environmental
conditions, fluctuate widely. One way living organisms respond to environmental stress is by
altering their gene expression. This response is regulated by the epigenome, the set of DNA and
histone modifications that directly impact the accessibility of genes to transcriptional machinery.
Epigenomic modifications can be heritable, such that stressed organisms influence gene
expression in their offspring, potentially increasing their odds of survival if the stressor
reappears. In this study, I investigated the heritability of stress-induced phenotypes following
dietary restriction over two generations in Drosophila melanogaster. Although body size, as
measured by wing length, and dry body mass were unaffected by the treatment, dietary stress
significantly delayed adult eclosion and reduced larval stage mobility. Larval mobility was
rescued, and developmental speed, measured by eclosion rate, was partially rescued for at least
two generations of continued dietary stress. These beneficial changes at the juvenile stage may
have been produced at a cost, however, as by the third generation of exposure adults displayed
significantly reduced thermal tolerance. These results provide support for the hypothesis that
stress-induced epigenetic change is heritable and can provide protection against future stressors.
The syndrome of phenotypes impacted are all associated with energy conservation pathways
involving AMP-activated protein kinase (AMPK), a protein that alters the epigenome in response
to depleted energy stores (ATP), meriting investigation of AMPK as a potential master regulator
of stress-induced transgenerational epigenetic inheritance.

Introduction
Natural selection works to maximize fitness in a given environment; however,
environmental conditions are in a state of constant flux. Temperature, light, humidity, and
available resources (food, water, shade, etc.) can swing between extremes over rapid timescales.
Because evolutionary mechanisms of mutation and selection can only shift phenotypes across
generations, they do not adequately address dynamic environmental challenges at the organismal
level within a single generation. Instead, to survive and reproduce in the face of constant
environmental change, organisms rely on quick changes in gene expression, and subsequently
protein production, guided by cell signaling pathways and transcriptional regulation (LópezMaury et al., 2008).
The transcription and translation of genetic sequences into functional proteins is
regulated by the epigenome, the set of DNA and histone modifications that together influence the
transcriptional availability of genes (Lyko et al., 2006). These mechanisms have diverse modes
of action at different stages in the process of protein production. DNA modifications such as
methylation or demethylation of nucleotides alter transcriptional activity at specific genes, with
the presence of methyl groups closing chromatin and preventing transcriptional machinery from
accessing certain genes, thereby limiting a specific protein product (Eden & Cedar, 1994).
Modifications to histone proteins associated with DNA also impact chromatin packing to make
certain genes more or less transcriptionally active. This includes the addition or removal of
chemical groups, like methyl and acetyl groups, to the histone proteins with histone acetylation
often linked to enhanced transcriptional activity and histone methylation linked to the silencing
of genes, although transcriptional effects depend on the specific histone residues being modified
(Lyko et al., 2006; Gongol et al., 2018; Javaid & Choi, 2017). The epigenome also includes

small noncoding RNAs that can indirectly affect DNA methylation and can also bind to and
sequester specific mRNAs to prevent protein translation, limiting protein production (Wei et al.,
2017). The epigenome is transient in nature, allowing gene expression to change in response to
environmental cues and as a part of natural aging (Kane & Sinclair, 2019).
While most epigenetic changes are transient and reversible, there is a growing body of
evidence showing stress-induced epigenetic modifications can be passed down to offspring
(Perez & Lehner, 2019). The heritability of epigenetic changes induced in the parental generation
means a given environmental stressor can have long lasting, multigenerational phenotypic
consequences even if present only within a single generation. Transgenerational inheritance of
the epigenomic landscape can be beneficial depending on the environmental conditions faced by
the offspring. If the environmental stress guiding parental epigenomic change remains or
reappears in subsequent generations, it would be beneficial for their offspring to anticipate the
need for an appropriate physiological response, but if the parental and offspring environments do
not match because the stress disappears, inheritance of such strategies would be maladaptive. For
nutritional stress, beneficial responses in offspring include increased lifespan and stress
tolerance. In Drosophila, both complete starvation and moderate protein restriction have been
repeatedly demonstrated to enhance longevity upon direct exposure (Roussou et al., 2016; Xia &
de Belle, 2016). These lifespan alterations lasted several generations after the stress was lifted,
linking phenotypic changes in longevity to epigenetic inheritance. In Drosophila, starvation
conditions in the parental generation produced an F2 generation – their grandchildren – with a
significant increase in adult lifetime compared to offspring of non-starved Drosophila (Roussou
et al., 2016). This extended adult lifespan was confirmed out to the F3 generation after protein
restriction in the parental generation (Xia & de Belle, 2016). Similarly, the non-stressed

offspring of starved C. elegans were better able to survive stressful conditions compared to the
offspring of non-stressed C. elegans, indicating phenotypic rescue of stress-related damage
(Jobson et al., 2015). This benefit was not limited to the effects of dietary restriction, as offspring
of starved parents also performed better under heat stress than offspring of controls (Jobson et
al., 2015).
While epigenetic inheritance can have clear benefits on survival and stress response, not
all epigenetically-driven changes are advantageous, with detrimental effects potentially lasting
for several generations. Starvation of developing C. elegans reduced adult size and lowered
fecundity, a tradeoff of metabolic conservation set up in response to stress (Jobson et al., 2015).
When the starvation conditions were lifted in subsequent generations, the detrimental phenotypic
consequences of energetic conservation are no longer necessary, yet epigenetic inheritance
resulted in smaller body size and reproductive deficits (Jobson et al., 2015). The anticipatory
change in the epigenome here was not beneficial in the absence of stress, and the phenotypic
consequences of this process were a detriment to offspring whose environment did not match the
environment their parents had prepared them for. The effect of protein restriction in Drosophila
also had negative consequences that depended on the severity of the stressor. In a case of
extreme protein deprivation, lifespan was found to be shortened out to the F2 generation, despite
the lengthening of lifespan under moderate protein deprivation (Xia & de Belle, 2016; Xia et al.,
2016). The lasting detrimental effects to lifespan following extreme protein deprivation indicate
the specific multigenerational phenotypic consequences depend on the type and extent of
deprivation, suggesting there are multiple stress response pathways linked to specific dietary
stressors, each with its own benefits and tradeoffs. With phenotypic trade-offs and the

uncertainty of offspring environmental conditions, the relative costs and benefits of epigenetic
inheritance remain a subject of debate.
The difficulty in understanding the relative risks and rewards of epigenetic inheritance
following stress is partly due to the fact that outcomes are largely dependent on the phenotype of
interest and the experimental design. Many studies focus on a common subset of phenotypes –
longevity, size, fecundity – though there are likely many phenotypic consequences of epigenetic
inheritance left to be uncovered. By exploring the range of phenotypes impacted by epigenetic
inheritance, the costs and benefits of this phenomenon might be better understood. An additional
barrier to understanding the link between phenotypes and epigenetic inheritance comes from
confounding factors, specifically maternal factors which make it difficult to interpret the
significance of existing epigenetic inheritance studies. Experiments that use stressed mothers to
produce subsequent generations (e.g., Jobson et al. 2015) introduce confounding variables, as
stressed mothers may provide varying levels of nutrients, or have different gestational times,
which gives rise to phenotypic differences in offspring wholly independent of actual epigenetic
change (Vijendravarma, Narasimha, & Kawecki, 2010). Certain model organisms also present
challenges in epigenetic research, as mothers carry female offspring, and their female offspring
produce eggs while in fetal development, so that mother, children (F1), and grandchildren (F2)
might all be directly impacted by what was intended to be solely a parental stressor (Perez &
Lehner, 2019). The F3 generation would be the first generation not directly impacted by the
stressor, and the first generation that could exhibit clear epigenetic inheritance of parental stress
when studying the female lineage, but most transgenerational studies conclude with the F2
generation.

In this study, I tested whether transgenerational epigenetic inheritance in Drosophila
melanogaster following paternal dietary restriction had lasting phenotypic consequences, and if
so, whether the observed phenotypes related to metabolic conservation. The hypothesis is that
heritable epigenetic changes brought about by dietary restriction have adaptive effects allowing
survival under stress, and maladaptive tradeoffs associated with energy conservation. To test
these hypotheses, the phenotypic effects of dietary restriction (reduced protein and sugar content)
on the parental generation and two subsequent, paternally-derived generations were determined
for Drosophila larvae and adults, with offspring either restored to control diet or maintained on
the parental dietary restriction. Effects of dietary stress on larvae were determined through adult
developmental speed and larval stage mobility, two phenotypes which have not, to my
knowledge, been studied in other models of transgenerational epigenetic inheritance. As
development ensures optimal adult size, affecting both reproduction and survival, it was
predicted that these developmental phenotypes would be benefited by transgenerational
epigenetic inheritance. Drosophila size was measured by both wing length and total body mass.
Wing length set in development was similarly predicted to be protected in offspring as a
consequence of prioritizing energy use in development, while body mass which changes over
Drosophila lifespan was predicted to be reduced in subsequent generations reflecting a trade-off
of energetic conservation set up in the parental generation. Thermal tolerance, a measure of
stress performance, was also measured in all generations. I predicted that offspring of stressed
parents would have an enhanced stress response when compared to the offspring of non-stressed
controls, as inheritance of their parents epigenomic landscape would better prepare them for
future stressful events.

Methodology
Dietary Manipulation:
To test for diet-induced transgenerational epigenetic inheritance, flies were reared on
either a control diet (CD) or dietary manipulation (DM), with 60% of the yeast and 71% of the
molasses content of the control (Table 1). Drosophila melanogaster were obtained from CantonS stocks maintained in the Helms Cahan lab at the University of Vermont. Roughly 100 adults
from these stocks were allowed to mate on an agar medium, with a pea-sized amount of yeast
paste provided. They were given 24 hours to acclimate to the new environment before embryo
collection. The original medium was replaced with a fresh agar dish, also with yeast paste, and
females were allowed to lay eggs on the medium for 24 hours. Zero-to-24-hour old embryos
were collected and individually transferred into vials ¼ filled with 8ml of solidified DM or CD,
at a density of 50 embryos per vial, with five subpopulations per dietary condition. A dH2O
moistened Kimwipe was inserted into all tubes for uniform humidity. Once larvae began
crawling up the sides of the vials, vials were checked once daily for eclosed adults. Adults were
anesthetized on CO2, separated by sex, and moved to a fresh vial of the same food type. All
males or females from a given subpopulation were kept together.
Table 1: Recipe for control (CD) and dietary manipulation (DM) foods. Only molasses and torula yeast content
was changed between groups, indicated by **, with 140ml of molasses reduced to 100ml in the DM diet, and
250g yeast reduced to 150g yeast in the DM diet.

dH2O
Agar
**Molasses
**Torula Yeast
Cornmeal
95% Ethanol
Tegosept
Propionic Acid

Control Diet (CD)
3L
27g
140ml
250g
300g
50ml
10g
20ml

Dietary Manipulation (DM)
3L
27g
100ml
150g
300g
50ml
10g
20ml

Multigenerational Treatment Plan:
Flies were reared at optimal temperature in
25oC incubators with a 12-hours light, 12-hours dark
cycle and 60% humidity for their entire lifespan. To
minimize any confounding maternal effects, only the
males used to breed the subsequent generation were
exposed to the dietary restriction. Counting from day of
first eclosion, all day 8 virgin CD or DM males
remaining after sampling for phenotypic experiments
were mated with roughly 50 day-8 CD virgin females.
Subpopulations were pooled in setting up the

Figure 1: Multigenerational dietary plan for
Drosophila. All males were crossed with females
reared on control diet. Purple indicates flies were
reared for whole lifespan on the DM, and orange
indicates flies were reared for whole lifespan on
CD. Arrow colors convey lineages as will appear in
results, with DMP0, DMF1, DMF2 in blue, DMP0,
DMx2, DMx3 in green, and control lineage in red.

subsequent generation, and embryos were collected over a 24 hour lay period beginning one day
following introduction. Embryos were either maintained on DM or CD for their entire lifespan,
with five subpopulations per treatment condition. The control lineage was maintained on CD for
the following F1 and F2 generations, while the DM parental lineage split with offspring either
placed on CD for both the F1 and F2 generations or maintained on the DM for the subsequent
generations (Figure 1). This process was repeated out to the F2 generation, again pooling F1
subpopulations before mating and maintaining five subpopulations for all treatment groups.
Phenotypic Measurements:
Two pre-adult phenotypic measures were taken: developmental speed, and larval crawl
height, an indicator of larval stage mobility. Development speed was measured as the time, in
days, from egg deposition to adult eclosion. Larval crawl height was measured as the height

along the side of the vial at which the larva formed a pupal
casing. The vertical distance of all pupal casings from the
CD or DM food surface was recorded to the nearest
millimeter (Figure 2).
To determine the impact of diet on stress tolerance,

Figure 2: Measure of
larval crawl given as
distance between top
of food (bottom red
line) to midpoint of
pupal casing (upper
red line) for example
casing (indicated with
red arrow). Recorded
to nearest mm.

two to three seven-day old males and females were randomly sampled from each DM and CD
subpopulation for thermal tolerance assays. Thermal tolerance was measured as the flies’ CTmax
– the maximum temperature tolerated before loss of motor function. To measure this, flies were
sealed in individual 2ml tubes and placed inside
of an insulated water-jacketed column (30cm
long, 7cm outer diameter, 5cm inner diameter)
flushed with polycool liquid from a temperature
control water bath. A thermocouple was inserted
inside the column to give accurate exposure
temperature reads for the CTmax assay. The
temperature was increased at a rate
0.25oC/minute, starting at 25oC and ending at

Figure 3: CTmax set up. Horizontal insulated waterjacketed column with up to 18 2ml vials suspended
inside the tube. Yellow thermocouple for accurate
temperature read within the chamber. Water column
flushed through with polycool liquid from adjacent
water bath (not shown). Temperature was ramped from
25oC to 45oC at 0.25oC/min, and temperature when flies
were motionless at bottom of 2ml tube was recorded.

45oC. The temperature at which the flies fell
motionless to the bottom of the tube was recorded as its CTmax value.
Drosophila wing length was used as a proxy for body size, as wing size scales
proportionately with body size during dietary restriction (Mirth & Shingleton, 2012). Two day 7
males and two day 7 females were randomly sampled from each of the five subpopulations in

CD and DM treatments and stored in ethanol. Flies were dried at 40oC for at least 24 hours
before removing the wings from whole body flies. One wing
per fly was randomly selected and photographed at uniform
magnification. Length was standardized using a 1mm
calibration slide, and base-to-tip length was measured in
ImageJ (Figure 3). To measure dry mass, 5 to 8 males and 5

Figure 3: Example wing length measured
from wing base to tip as indicated with red
line. Measurements were standardized to
1mm calibration slide

to 8 females per treatment group were sacrificed on day 8 at -20oC, dried at 40oC in a drying
oven for at least 24 hours, and weighed to the nearest 0.01mg. Sample size was increased to 20
males and 20 females in the F2 generation, as increased population sizes allowed for larger scale
sampling.
Statistical Analyses:
All statistical analyses were conducted in Graphpad Prism. Developmental timing data
was analyzed as the percentage of total flies eclosed as a function of days since lay, and nonlinear regression curves were plotted by sex. The point to 50% eclosion was calculated from the
non-linear regression fit, and a comparison of fits for 50% eclosion determined significance of
difference between treatment group accounting for sex differences.
Larval crawl heights were analyzed for differences between treatment groups.
Differences between subpopulations and between treatment and control populations was
determined with a nested one-way ANOVA with a Tukey’s multiple comparisons test.
CTmax, wing length, and dry mass data were pooled across subpopulations and compared
between treatment groups and sex within each generation. Significance of difference from
control was determined using a nested one-way ANOVA with a Tukey’s multiple comparisons
test.

Results
Eclosion Rate: Developmental Speed
Male and Female Drosophila reared on the DM eclosed as adults significantly later than
controls, with DM adults emerging roughly 12 hours after CD (Males: DM=9.31days,
CD=8.80days; Nonlin comparison of ER50; F1,21=39.6, p<0.0001, Figure 4A) (Females:
DM=9.20, CD=8.59; F1,21=240.0, p<0.0001; Figure 4B). In the F1 generation, male and female
offspring of the DM parents restored to control food emerged significantly earlier than controls
by roughly 7 hours (Males: DMF1=8.36 days, CDF1=8.66 days; F1,26=37.2, p<0.0001; Figure
4C) (Females: DMF1=8.11 days, CDF1=8.41; F1,26=42.8, p<0.0001; Figure 4D). Males of the
DM parents maintained on DM for the DMx2 group emerged significantly later than controls by
roughly 5 hours (Males: DMx2=8.88 days; F1,26=16, p=0.0005, Figure 4C), while female
offspring of the DM parents maintained on the DM for a second generation were not
significantly different from controls (Females: DMx2=8.39 days; F0.17,26=0.175, p=0.6795;
Figure 4D). In the F2 generation, the DMF2 male and female lineages eclosed significantly later
than controls, by roughly 4 hours for males (Males: DMF2=8.70 days, CDF2=8.53 days;
F1,21=24.1, p<0.0001; Figure 4E) and 8 hours for females (Females: DMF2=8.50 days,
CDF2=8.15 days; F1,21=43.3, p<0.0001; Figure 4F). The DMx3 lines also emerged later than F2
controls (DMx3 males=8.93 days; DMx3 females=8.89 days), although the nonlinear fit was
ambiguous and could not be compared to get a significance of this difference.
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Figure 4: Non-linear regression fit of mean percent of adults eclosed per day across subpopulations +/-SEM. The mean time
to 50% eclosion (in days) displayed on graph in color corresponding to dietary treatment. Lineage color coded: red for control
line, blue for DMP0-DMF2 line, and green for DMP0-DMx3 line. Mean 50% eclosion time was compared between dietary
condition within generation in a comparison of nonlin fits. A) P0 mean male adult eclosion rate. DM was significantly later
than control (F1,21=39.64, p<0.0001). B) P0 female adult eclosion. DM reared flies emerged significantly later than controls
(F1,21=240.0, p<0.0001). C) F1 male adult eclosion. Male DMF1 adults emerged significantly earlier than controls (F1,26=37.19,
p<0.0001) and DMx2 emerged significantly later than controls (F1,26=16, p=0.0005) D) F1 female adult eclosion. Female DMF1
emerged significantly earlier than CDF1 (F1,26=42.77, p<0.0001). There was no significant difference between DMx2 and CDF1
(F0.17,26=0.1746, p=0.6795). E) F2 male adult eclosion. Male DMF2 eclosed significantly later than controls (F1,21=24.07,
p<0.0001). Fit was ambiguous for DMx3, therefore unable to determine significance of delay in adult eclosion. F) F2 female
adult eclosion. Female DMF2 emerged significantly later than controls (F1,21=43.29, p<0.0001). Fit was ambiguous for DMx3,
therefore unable to determine significance of delay in adult eclosion.

Crawl Height: Larval Mobility
Drosophila larvae fed the DM diet formed pupal casings significantly lower on the vial
than those fed the CD diet (Mean DMP0=1.46cm, CDP0=2.05cm; Nested t-test analysis;
t357=7.96, p<0.0001, Figure 5A). This reduction in larval crawl was restored to control in the
DMF1 and DMF2 generations returned to the control diet after initial parental stress, and was
also restored in the F1 and F2 generations of the DMx2/DMx3 lineage continued on the DM
food (nested one-way ANOVA; F1: F2,12=0.39, p=0.6829; Figure 5B. F2: F2,12=9.69, p=0.0031;
CDF2 v DMF2: p=0.0928. CDF2 v DMx3: p=0.1491; Figure 5C).
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Figure 5: Mean larval crawl height in cm displayed as bar plot with five replicate populations within each treatment group,
+/- SEM. Means were compared, pooling subpopulations, between dietary condition within each generation. Lineage color
coded: red for control line, blue for DMP0-DMF2 line, and green for DMP0-DMx3 line. A) Larvae reared on DM had
significantly lower mean larval crawl height (t357=7.961, p value <0.0001) when compared to larvae reared on CD in a nested
t-test analysis. B) There was no significant difference in mean larval crawl between any group in the F1 generation based on
nested one-way ANOVA (F2,12=0.393, p=0.6829). C) Larval crawl of F2 generation larvae was not significantly different from
controls for DMF2 (q12=3.267, p=0.0928) or DMx3 (q12=2.867, p=0.1491), but was significantly different when comparing
DMF2 to DMx3 with Tukey’s multiple comparisons test (q12=6.203, p=0.0024).

Wing Length: Developmental Effects
Mean wing length of male Drosophila reared on the DM was not significantly different
from control wing length (nested t-test; t18=1.47, p=0.1596; Figure 6A). The mean wing length
of their male progeny in the F1 generation were also not significantly different from controls,
whether reared on DM (DMx2) or CD (DMF1) (nested one-way ANOVA; F2,12=2.52, p=0.1223;
Figure 6B). In the F2 generation, male DMF2 mean wing length was also not significantly
different from control (nested t-test; t8=0.930, p=0.3794; Figure 6C). DMx3 subpopulations were
not saved for wing length analysis.
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Figure 6: Mean wing length of male Drosophila in millimeters +/-SEM compared withing generation between dietary
treatment groups for the P0-F2 generations. Lineage color coded: red for control line, blue for DMP0-DMF2 line, and green
for DMP0-DMx3 line. A) Mean wing length of parental generation was not significantly different when comparing CD to DM
diets based on nested t-test analysis (t18=1.467, p=0.1596). B) Mean wing length of subsequent F1 generation was also not
significantly different from control for either DMF1 or DMx2 based on nested one-way ANOVA (F2,12=2.517, p=0.1223). C) F2
generation males did not have significant differences in wing length between CDF2 or DMF2 treatment conditions based on
nested t test (t8=0.9304, p=0.3794). Male DMx3 flies were not saved, and therefore missing from plot and analyses.

Adult Dry Mass
The mean body mass of Drosophila reared on the DM was not significantly different
from the mean body mass of controls after accounting for sex differences (nested t test;
t24=0.402, p=0.6913; Figure 7A). F1 generation offspring of the DMP0 cohort whether reared on
CD or DM were also not significantly different in terms of mean body mass from controls
(nested one-way ANOVA; F2,29=1.16, p=0.3268; Figure 7B), and neither were the F2 generation
grand progeny (F2,112=1.76, p=0.1769; Figure 7C).
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Figure 7: Mean dry mass of day 8 adults, +/- SEM error bars, broken out by sex for three treatment generations. Compared
within generation means between dietary lineage. Lineage color coded: red for control line, blue for DMP0-DMF2 line, and
green for DMP0-DMx3 line. A) Male and female parental DMP0 dry mass was not significantly different from control after
nested t test (t24=0.4019, p=0.6913). B) F1 generation DMF1 and DMx2 males and females were not significantly different
from controls based on one-way ANOVA (F2,29=1.163, p=0.3268). C) F2 generation male and female mean dry mass was also
not significantly different between any of the dietary treatments (F2,112=1.760, p=0.1769).

CTmax Assay: Stress Tolerance
There was no significant difference in mean CTmax between control and DM day 8 adults
in the parental generation (nested t-test analysis; t22=0.8574, p>0.05, Figure 8A), nor was there a
significant difference in mean CTmax between any treatment condition in the F1 generation
(nested one-way ANOVA, F2,31=1.003, p>0.05, Figure 8B). In the F2 generation, however, the
DMx3 treatment group reared for three generations on DM food had a significantly lowered
CTmax when compared to the F2 control (F2,48=10.56, p=0.0002; Figure 8C). Male and female
thermal tolerance was not significantly different at any generation, P0-F2.
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Figure 8: Box and whiskers plots of CTmax (oC) for day 8 males and females, with min/max indicated, for all three generations
P0-F2. Compared within generation differences between dietary conditions and sex. Lineage color coded: red for control
line, blue for DMP0-DMF2 line, and green for DMP0-DMx3 line. A) Parental (P0) mean CTmax showed no significant
difference between control or DM treatment (t22=0.8574, p=0.4005). B) F1 generation mean CTmax did not differ significantly
between any treatment group using nested one-way ANOVA (F2,31=1.003, p=0.3783). C) F2 generation DMF2 CTmax was not
significantly different from controls (q48=1.445, p=0.2649), but DMx3 mean CTmax was significantly different from control
(q48=4.524, p<0.0001) in a nested one-way ANOVA with Tukey’s multiple comparisons test.

Discussion
In this study, I tested the heritability of epigenetic changes in response to dietary
restriction. I assayed phenotypic characters expected to respond to dietary stress at both juvenile
and adult life stages: larval crawl, adult development speed, adult body mass, wing length, and
thermal tolerance were measured for two generations following paternal stress, under both
stressed and unstressed conditions. The results support the hypothesis that dietary restriction
induces heritable transgenerational epigenetic change associated with both advantageous
phenotypic consequences under persistent stress conditions and tradeoffs linked to energy
conservation. While there were no effects of diet on wing length or body mass, the DM diet led
to a reduction in larval stage mobility, measured by larval crawl, and a delay in adult
development time when compared to Drosophila reared on the control diet during a single
generation of exposure. The detrimental effects on larval crawl were rescued in the two
subsequent generations despite persistence of dietary restriction, and developmental timing was

partially rescued. Thermal tolerance was reduced under dietary restriction, but only after three
generations of repeated stress. Multigenerational effects on larval crawl, development speed, and
thermal tolerance may be explained by energy conservation and altered metabolic pathways. The
protein AMP-activated protein kinase (AMPK) is a key energy sensor which promotes energy
conservation under stress by both direct and indirect modification of the epigenome. The
connection between the phenotypes observed to change within this study, as well as in other
studies of epigenetic inheritance, and the epigenetic effects of AMPK gives rise to a new
hypothesis that AMPK drives transgenerational epigenetic inheritance in response to dietary
stress.
Within the parental generation, dietary restriction affected larval phenotypic traits more
significantly than adult traits. The effect on early development suggests Drosophila preserve
adult quality at the expense of larval performance under suboptimal feeding conditions. Larvae
spent more time feeding on the suboptimal food to acquire necessary nutrients for future
development. In other studies, feeding time has been shown to negatively correlate with pupation
height (larval crawl) even in the absence of stress (Casares & Cerracedo, 1987; Krittika et al.,
2019). This would explain the reduced larval crawl height and delayed adult eclosion rate under
dietary restriction, as prolonged feeding and developmental time ensure advantageous size at the
cost of other traits, and time spent in development is positively correlated with enhanced adult
fecundity (Nunney, 1996). Body size, which is set during development, was conserved under
dietary stress, as seen by proxy in the measured wing length which was not significantly changed
in the parental generation. Body mass was also not significantly affected by the DM, but as mass
changes over the fly’s adult lifespan, it is possible a measure at day 8 was too late to see a clear
dietary effect. Future studies should measure these phenotypes 24 or 48 hours after adult

eclosion which would be better linked to consequences of suboptimal developmental conditions.
Stress tolerance, measured by performance under heat shock, was also not significantly affected
within the parental generation under dietary restriction.
The dietary effects within the parental generation were no longer observed in their
offspring, despite the persistence of the DM diet, supporting the hypothesis that dietary stress
induces heritable epigenetic changes with lasting phenotypic consequences. One explanation is
that offspring of stressed parents can carry epigenetic marks affecting early-stage transcriptional
activity, such that they no longer display the same developmental deficits when faced with a
poor-quality diet. This advantageous effect of epigenetic inheritance was seen as the epigenetic
rescue of both larval crawl and adult eclosion rate. F1 and F2 offspring reared on the DM
crawled to the same height as controls to pupate despite the persistence of the stressor.
Epigenetic rescue also explains the partial restoration of adult eclosion time in the F1 and F2
offspring reared on the DM, with the F1 generation closer to control rate. The benefits observed
herein, can be explained by an alteration in metabolic pathways. Larval crawl is linked to
metabolic activity, as crawling higher would increase energetic demand. In a suboptimal diet,
limited larval crawling conserves energy needed for essential activities, like development. It is
possible that by reducing metabolic demand in subsequent generations also reared on DM, their
offspring did not have the same nutritional demands and were able to pupate at control height.
Offspring also no longer need as much time to come to optimal size despite the persistent DM, as
measured by adult eclosion, suggesting the inheritance of metabolic change. Offspring returned
to the control diet displayed an anticipatory response, where the epigenetic changes intended to
rescue developmental delay under stressful conditions accelerated developmental speed of the F1
generation beyond that of the controls. This suggests that developmental phenotypes are most

significantly affected by the dietary conditions of the previous generation rather than those of the
present generation. This held true for the F2 generation as well which no longer displayed the
shortened developmental time of the F1 generation, instead emerging within hours of the
controls, suggesting the phenotype had once again changed to best suit the F1 reintroduced
control diet.
There were also trade-offs to epigenetic inheritance, as seen with the impairment of
thermal tolerance. Thermal tolerance was not initially impacted by the DM, but after three
generations of repeated stress, heat tolerance was impaired compared to controls. The worsened
heat shock response may be explained as a consequence of energetic conservation. Heat shock
protein expression can be reduced to conserve energy, a helpful sacrifice under dietary stress, but
a disadvantageous trade-off of energy conservation when it comes to thermal stress (Hoekstra &
Montooth, 2013). Importantly, this tradeoff shows the effects of epigenetic inheritance observed
herein were not only dependent on developmental stage, but on duration of the stressor as well,
such that accumulation of epigenetic changes to a stress repeated over generations can produce a
stronger phenotypic response than one generation of stress alone. This is likely true for body
mass and body composition phenotypes, too, as after 17 generations, dry body mass and lipid
content were found to differ significantly according to dietary treatment (Kristensen et al., 2011).
While dry mass was not measurably affected here after three generations of dietary restriction,
future studies could carry the dietary restriction out to more generations to determine if adult
mass is significantly affected, and in what direction.
The inherent dietary impact on metabolism, and the role of energy conservation in
phenotypes observed in epigenetic inheritance, may be a clue to the mechanism of epigenetic
inheritance. The mechanism behind the transmission of epigenetic marks to offspring, and the

gene pathways underlying the lasting phenotypic responses, are areas of epigenetics research that
have yet to be fully understood. While there are many proteins capable of modifying the
epigenome, and many genes behind these phenotypic outcomes, the phenotypes that changed in
this study and others are linked to metabolic reprogramming and energy conservation. Dietary
stress, along with heat stress and toxins, change the relative concentration of ATP:AMP in the
cell (Corton, Gillespie, & Hardie, 1994; Gongol et al., 2018). AMP-activated protein kinase, or
AMPK, acts as an energy sensor, responding to changing ratios of ATP:AMP and regulating
energy expenditure in the cell accordingly. The buildup of AMP in stressful conditions can
activate AMPK by a factor of 100-fold (Corton, Gillespie, & Hardie, 1994). Activated AMPK
phosphorylates downstream targets in order to limit ATP expenditure. This energy conservation
is key to surviving stressful environmental change.
AMPK activity has been correlated with phenotypic changes, such as increased
longevity, altered metabolism, and enhanced heat tolerance in stressed Drosophila (Sinnett &
Brenman, 2016). AMPK-induced changes to metabolism would explain the effect of dietary
restriction on larval crawl and eclosion rate in the parental generation. Improved heat tolerance
has also been associated with increased AMPK activity in C. elegans (Jobson et al., 2015),
though thermal tolerance was negatively affected by dietary stress herein. Dietary restriction has
been shown to enhance longevity, as does increased AMPK activity, and changes to longevity
exhibit transgenerational epigenetic inheritance following dietary stress (Krittika et al. 2019,
Roussou et al., 2016; Xia & de Belle, 2016). AMPK alone may be sufficient to produce these
phenotypic consequences based on KO/KD studies. In Drosophila, knockdown of AMPK
activity resulted in hypersensitivity to starvation, shortened lifespan, and increased metabolic
rates (Johnson et al., 2010). Complete knockout of AMPK in C. elegans resulted in reduced

brood size and shortened lifespan following starvation. Without AMPK, C. elegans were less
resistant to periods of starvation (Demoinet, Li, & Roy, 2017). These findings suggest AMPK is
critical to appropriate dietary stress response, and is necessary to produce the phenotypic changes
repeatedly shown to be heritable.
AMPK also has the potential to induce multigenerational metabolic changes by acting as
a master regulator of epigenetic change. AMPK induces changes in all these dietary-linked
phenotypes by modifying the epigenome, including histone methylation, acetylation, and
phosphorylation, and by acting upstream of other epigenetic modifiers (Gongol et al., 2018;
Sinnett & Brenman, 2016). Therefore, AMPK is capable of contributing to both the direct stress
response and the epigenetically-driven shift in energy conservation pathways underlying the
phenotypes shown to be inherited transgenerationally. Putting this evidence together, it is
hypothesized that AMPK, activated when stress leads to a reduction in cellular ATP, modifies
the epigenome to upregulate expression of essential genes while shutting down pathways that are
not necessary with the end goal of energy conservation. These AMPK guided epigenetic changes
are heritable, resulting in offspring that display the phenotypic consequences of the parental
metabolic changes. Therefore, AMPK is predicted to play a dominant role in transgenerational
inheritance induced by dietary stress. Future studies should test the role of AMPK in
transgenerational epigenetic inheritance following stress in order to better understand the
mechanism behind epigenetic inheritance. This could be done with this same experimental
model, measuring for expression levels of genes known to be directly regulated by the
epigenomic activity of AMPK across generations after parental dietary restriction, with the
prediction that expression of these genes would be altered even in non-stressed offspring,
correlating parental AMPK activity to transcriptional changes in their non-stressed offspring. To

get at causation, drugs to inhibit AMPK activity could be applied before the parental dietary
restriction, or with the dietary restriction, then measure for transgenerational epigenetic
inheritance in phenotypes that are influenced by dietary stress. If inhibition of AMPK activity
prevents the inheritance of metabolic-driven phenotypes, it would support the hypothesis that
AMPK is the key driver of transgenerational epigenetic inheritance following dietary stress.
Conclusion
Dietary stress did induce heritable epigenetic change with both advantageous effects and
tradeoffs, supporting the initial hypothesis. Larval traits negatively impacted in the parental
generation, crawl height and developmental speed, were rescued in subsequent generations
facing dietary restriction, while adult performance measured through thermal tolerance was
negatively affected by epigenetic inheritance. The effects of epigenetic inheritance were
dependent on developmental stage and the duration of the stressor, with affected phenotypes
linked to changes in metabolic programming. Future studies should aim to uncover the
mechanism behind epigenetic inheritance, with focus on AMPK as it has known function in both
energy conservation and epigenomic regulation.
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